PURPOSE. Age-related macular degeneration (AMD) has a substantial genetic risk component, as evidenced by the risk from common genetic variants uncovered in the first genome-wide association studies. More recently, it has become apparent that rare genetic variants also play an independent role in AMD risk. We sought to determine if rare variants in complement factor H (CFH) played a role in AMD risk.
A ge-related macular degeneration (AMD) features excessive complement activation, including the release and deposition of proinflammatory fragments in the retina. Genetic evidence also directly implicates the role of complement activation in disease (reviewed in Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] . One of the first reproducible genome-wide association study findings was the rs1061170 (Y402H) polymorphism in complement factor H (CFH). 10 An intronic single-nucleotide polymorphism (SNP) in CFH, rs1410996, was also independently associated with AMD, with the minor allele conferring a similar risk of disease. 11 Common SNPs near the gene for the regulator complement factor I (CFI), 12 and in the genes for the complement component 3 (C3) 13, 14 and the complement protease factor B (CFB) 11, 15 were also associated with disease. Carrying risk alleles in these genes leads to a lifetime AMD risk of nearly 50%. 11, 14, 16, 17 Factor H (FH) is a key inhibitor of the alternative pathway (AP) of complement activation. 18, 19 It is an abundant (average level,~300 lg/mL) serum protein that negatively regulates the C3 convertase of the alternative pathway. To accomplish this task, FH competes with factor B (FB) in binding to C3b and decays both the proconvertase (C3bB) and the active C3 convertase (C3bBb). Further, it serves as a cofactor protein for the serine protease factor I (FI)-mediated cleavage of C3b to hemolytically inactive iC3b. The latter cannot serve as a nidus for formation of the AP's positive feedback/amplification loop, in contrast to C3b.
In the era of next-generation sequencing, AMD has provided one of the first examples of rare variants increasing the risk of a common disease. A rare, penetrant variant in CFH coding for R1210C was associated with AMD with an odds ratio (OR) of approximately 20, representing the strongest risk factor for AMD to date. 20 This variant was present in only two individuals (minor allele frequency [MAF] ¼ 0.015%) in the NHLBI 6500 exome sequencing project (6500 ESP). Additionally, a single missense variant in C3, K155Q, was found by three independent groups to be associated with AMD. [21] [22] [23] Variant K155Q was present at a frequency of 0.4% in European Americans sequenced as part of the 6500 ESP. A diversity of rare and private variants in CFI was also found to be associated with AMD in a large targeted sequencing study. 21 Two reports of additional rare CFH variants linked to AMD within families have been published. 24, 25 In one report using whole-exome sequencing, two different variants segregated with disease in two unrelated families. 24 Both variants had similar detrimental effects on function. In the other report, a rare variant in the same domain as the common predisposing variant Y402H was identified in an affected Amish family. 25 In this report, our goal was to assess the presence of rare variants in CFH in patients with advanced AMD (A-AMD). The prior observations of a remarkable number of rare variants in CFI in A-AMD, 21 the striking association of common variants in CFH with AMD, [1] [2] [3] [4] [5] 10, 11 and two reports of rare CFH variants with high penetrance in families 24, 25 suggested that there should be rare variants with a large effect size in CFH. To this end, we analyzed data from our targeted sequencing study with a focus on the coding region of CFH, especially its functional domains.
MATERIALS AND METHODS

Samples and Sequencing
We have previously described the sequencing and genotyping of this cohort of 2493 individuals. 21 This research was conducted following the tenets of the Declaration of Helsinki. Informed consent was obtained from each subject. Subjects were referred by physicians throughout the US or self-referral and were enrolled in our ongoing AMD study protocols. 3, 11, 12, 14, 20 Cases had either geographic atrophy (n ¼ 402) or neovascular disease (n ¼ 1282) based on dilated ocular examination and fundus photography. Controls were examined and had no signs of intermediate or advanced AMD in either eye and absence of bilateral early maculopathy. All non-AMD causes of atrophy or neovascular disease were excluded from both groups, including high myopia, ocular histoplasmosis, and angioid streaks. All cases and controls were unrelated. For this study, we retained 2417 individuals for whom genotype information for two common CFH SNPs (Y402H and rs10737680, a proxy for rs1410996) was available (1665 cases and 752 controls, median ages 75.6 6 7.4 years and 77.2 6 6.0 years, respectively). We enriched our screening panel for genes involved in the classical, lectin and alternative pathways (including CFH) using targeted genomic capture and sequenced the pooled libraries on a sequencing system (Illumina HiSeq2000; Illumina, Inc., San Diego, CA, USA). We aligned the sequencing data to the hg19 human genome release using the Burrows-Wheeler Aligner v0.59 (https://github.com/lh3/bwa) 26 generated sample genotypes using the UnifiedGenotyper of the Genome Analysis Tool Kit v2.18 (https://www.broadinstitute.org/gatk), and then reduced false-positive calls with Variant Quality Score Recalibration (VQSR) tool. 27, 28 We manually screened the relevant sequencing data for variants that failed VQSR. Review of the sequencing reads in the Integrated Genome Viewer supported the validity of all but two variant calls. 29, 30 For this study, we reduced the variant call format file to the annotated CFH interval (hg19 chr1:196,621,008-196,716,634), extracted genotypes, and coded them for further analysis.
Statistical Analysis
We identified rare variants by calculating the allele frequency in controls for each variant site and then kept only those variants with a MAF less than a cutoff of either 1% or 0.5%. For each individual, we determined if a rare variant was present and then coded absence or presence of a rare variant as a dominant model using 0/1 indicator variable. The two common variants were coded as an additive model employing a 0/1/2 allele dose variable. We performed logistic regression (Equation 1) predicting disease status as a function of having a rare variant and accounting for the common alleles:
where Y is the disease status, x 1 is the allele dosage of rs1061170, x 2 is the allele dosage of rs10737680, x 3 is the indicator variable for the rare variant (assuming a dominant model), b 0 is the intercept, b 1 is the regression coefficient for rs1061170, b 2 is the regression coefficient for rs10737680, and b 3 is the regression coefficient for the rare variant. We performed these calculations in a statistical programming language (R, v3.1.1; R Foundation for Statistical Computing, Vienna, Austria) using the logistf package, which performs logistic regression with Firth's correction and estimates the coefficients confidence intervals (CIs) for each predictor. We calculated the significance of the association by the likelihoodratio test.
We estimated a permutation P value (P permute ) by randomly reassigning case-control labels for 20,000 iterations, calculating a logistic model each time, and determining how often the estimated risk was greater than or equal to our initial estimate. We calculated the rare variant effects including the four known CFH rare variants (R53C, D90G, P503A, and R1210C; Table 1 ), as well as removing individuals with the known rare variants in CFH (Supplementary Table S1) . 20, 24, 25 We also tested variant significance employing the SNP-set kernel association test (SKAT) with the common variant genotypes as covariates. 31 
Quantification of Serum Factor H
Blood samples were collected from five cases. The blood was centrifuged and serum was separated within 30 minutes of collection. The samples were frozen and stored in liquid nitrogen until testing was performed. Antigenic levels of FH and C3 were determined at the National Jewish Center for Immunology and Respiratory Medicine, Diagnostic Immunology and Complement Laboratory. 32 
RESULTS
Rare CFH Variants Are Associated With A-AMD Risk
The original study included 2493 individuals. 21 We identified 65 rare (control MAF 1%) missense, nonsense, splice-site, or stop read-through mutations in CFH among cases and controls (Supplementary Table S2 ). There was an excess of A-AMD cases who carried a variant with a MAF 1% (OR ¼ 1.5, P ¼ 4.4 3 10 À2 ) compared with controls. The association between rare variants in CFH with A-AMD became more robust and the risk conferred by these variants increased as the variant frequency decreased (Table 2) . For variants with a MAF of 0.5% or less, the association was stronger (OR ¼ 1.6, P ¼ 2.6 3 10 À2 ) than variants with a MAF of 1%. Additionally, singleton variants were observed more frequently in these cases (OR ¼ 2.3, P ¼ 3.3 3 10 À2 ). All of these associations with A-AMD were independent of the effect of Y402H and rs10737680, the rs1410996 proxy.
More sophisticated alternatives to the burden test that test for variable distribution of rare variants among cases and controls, implemented using SKAT, failed to identify stronger evidence for an association between CFH rare variants and A-AMD. This approach may have been complicated by a similar distribution of neutral variants in cases and controls, and a comparatively low cumulative frequency of rare variants as a class.
Rare Variants in Functional Domains of CFH Are Enriched in A-AMD Cases
The domain of FH that encodes regulatory activity consists of complement control protein (CCP) repeats 1-4 ( Supplementary  Fig. S1 ). This region contained a significant excess of rare variants (MAF 0.5%) in cases (n ¼ 34) compared with controls (n ¼ 4; OR ¼ 4.3, P ¼ 1.2 3 10 À3 ; Table 1 ), highlighting the critical nature of this particular domain. Cases of A-AMD carried variants that clustered at the interface between CCP repeats 1-4 and C3b, whereas those in controls were consistently found facing away from the C3b interface (Fig.  1 ). There was a precedent for variants in CCP1 that do not contact the C3b structure to affect decay acceleration (e.g., R53C), 24 as FB, the protease that activates the AP, binds the C345C domain of C3b. 33, 34 Such variants have been observed in atypical hemolytic uremic syndrome (aHUS) cases [6] [7] [8] [9] and have been shown to be linked to AMD in family studies. 24 After removing individuals (n ¼ 4) with one of the two known rare variants in CCP1-4, the enrichment in cases (n ¼ 30) compared with controls (n ¼ 4) was still significant (OR ¼ 4.0, P ¼ 2.6 3 10 À3 ; Supplementary Table S1 ).
Cases of A-AMD also have more rare variants in the anionic binding domains located at CCP6-8 and in CCP19-20 than do controls (Table 1; Supplementary Table S1 ). Complement control protein 7 is the site of the common AMD risk variant Y402H which affects heparin binding. 35 Eleven cases carried a rare variant in CCP6-8 compared with two controls, but the difference did not reach significance (OR ¼ 1.6, P ¼ 4.9 3 10 À1 ). One case and no controls had the known risk rare variant, P503A, in CCP6-8. 25 Removing that individual did not affect the significance of the test (OR ¼ 1.5, P ¼ 5.7 3 10
À1
). In control complement protein repeats 19-20, 24 cases carried a variant compared with two controls, corresponding to an OR of 5.1 (P ¼ 3.6 3 10 À3 ). One rare variant in CCP19-20, chr1:196716375 (R1210C), was previously described as a highly penetrant risk variant associated with high risk for A-AMD. 20 It was present in 16 cases and one control. The main effect of this variant was large enough that the enrichment in CCP19-20 was not significant after removing individuals with R1210C. Eight cases carried the remaining four rare variants in CCP19-20 compared with one control (OR ¼ 2.0, P ¼ 4.3 3 10
). The variants found in CCP20 all clustered on the same face as R1210C, known to affect binding to glycosaminoglycans (GAGs; Fig. 2) . 20, 36 There were no variants within the CCP19 or CCP20 domains that directly opposed the C3d binding site in the crystal structure.
We next collapsed the putative function altering and rare variants into a single loss-of-function (LOF) class. We included rare variants (MAF in controls < 0.5%) within the three functional domains as well as those that are predicted to effect the protein (nonsense, loss of a conserved cysteine, splice-site) but outside of a functional domain. This class of LOF, as a group, was associated with an increased risk of A-AMD independent of the common variants (OR ¼ 4.3, P ¼ 7.2 3 10
À6
, Table 1 ). We observed an increase in the number of cases that carried a LOF Includes known rare variants. * Minor allele frequency in the control group (1504 chromosomes). † Number in parentheses is % of individuals with that phenotype. ‡ Effect size estimated using a conditional model accounting for the genotypes at Y402H and rs10737680. § P permute derived using 20,000 permutations of case/control status. P503A, 25 and R1210C 20 ) did not account for the enrichment. When individuals with these variants were excluded from the analyses, the LOF variant class remained associated with risk of A-AMD (OR ¼ 3.2, P ¼ 1.4 3 10
À3
). The common SNPs associated with A-AMD were also significant in this analysis of rare variants and had effect sizes consistent with previously published estimates (Supplementary Table S3 ).
Cases Exclusively Carry LOF Variants
Factor H consists solely of 20 consecutive CCP domains (''beads on a string''), each having two conserved disulfide bonds (Supplementary Fig. S1 ). Loss of a conserved cysteine typically leads to a failure of the protein to be secreted because of improper folding. There were 10 cases and 0 controls that carried a variant leading to loss of a conserved cysteine, a nonsense change, or loss of a canonical splice site (Table 3) . Each LOF variant was also a singleton in this set of 2417 individuals.
Of these 10 cases, serum samples were available for five individuals (Table 3 ). All five cases had lower FH serum levels compared with control values (<10th percentile; 10th percentile threshold ¼ 253 lg/mL as determined from FH levels of 60 controls 32 ), indicating haploinsufficiency for FH. Only one individual had a low C3 level and, interestingly, this A-AMD case also had the lowest FH level.
DISCUSSION
In this report, we have demonstrated that a diversity of variants exists in CFH and that the rarest variants were associated with A-AMD cases. We identified an enrichment of rare variants in functional domains and an enrichment of mutations leading to haploinsufficiency. Some of these variants have been reported in aHUS, a disease caused by haploinsufficiency of regulators of the AP or, rarely, by gain-of-function mutations in the components of the AP. [6] [7] [8] [9] Our findings have confirmed the role of CFH LOF and haploinsufficiency mutations in A-AMD and the overlap with aHUS variants highlights the pleiotropic FIGURE 1. Rare CFH variants within CCP1-4 repeats cluster at the C3b:FH interface. Variants present only in A-AMD cases are shown in purple or red. Variants that are nonsense or remove a conserved cysteine are shown in red (these are only seen in cases). Variants seen only in controls are shown in green. One variant was observed in both cases and controls (magenta). The variants in repeats CCP3 contact the CUB domain and variants in repeats CCP4 contact the TED of C3b. Complement component 3 a-chain is in teal (foreground) and the bchain is in red (background). The structure of FH and C3b (PDB ID 2wII) was displayed in Pymol (Delano Scientific). C345C (NTR -Netrin C-terminal domain); CUB, complement C1r/C1s, Uegf, Bmp1; TED, thioester domain. FIGURE 2. Complement Factor H rare variants in CCP20 cluster near R1210C. Factor H CCP19-20 is in orange; C3d is in teal. Variant R1210C is shown in black (arrow). The crystal structure of CCP19-20 contains two C3d fragments (PDB ID 2XQW) and was displayed in Pymol (Delano Scientific). Mutations seen only in A-AMD cases are shown in dark blue. The CCP19 variant (Q1143E, in one control) is not present in the crystal structure. The rare variants cluster on the same face as R1210C, known to affect heparin/GAG binding. 42 outcome of AP perturbation. These data also further indicate that rare variant carriers have more severe disease. 20, 24, 37 Genetic risk factors for AMD have spanned the allelic spectrum: associations with risk of AMD have been found for common variants in the CFH, 10,11,38-40 C3, 13, 14 and CFB, 11, 15 genes, common variants near the CFI 12 gene, and for a diversity of rare variants within the CFI gene. 21 Additionally, a single rare variant in C3 was shown to be associated with AMD using a variety of study designs [21] [22] [23] as well as a rare variant in C9.
21
Four independent rare variants in CFH have recently been demonstrated to be associated with AMD. 20, 24, 25 Variant R1210C in CCP20 of CFH was the most frequent of the four identified rare variants in the European American population and had a large effect size (OR of approximately 20). 20, 24 Complement factor H variants R53C and D90G, both in the regulatory domain of CFH, were independently linked to AMD within families. 24 In complement control proteins 6-8 (which harbors the common variant Y402H), a rare variant, P503A, was also found to be linked to AMD in an Amish family. 25 We observed three of these known rare CFH variants in this sequencing study of advanced A-AMD cases and controls, as well as 61 other variants with a MAF 0.5%. There was an excess burden, nearly 4-fold, of rare variants in the functional domains of CFH in cases relative to controls. The association between rare variants in CFH and A-AMD was significant when considering the variants with a MAF 1% in all domains of the protein. However, an important observation was that the effect was stronger with a cutoff of 0.5% or by using only singletons. Also, variants in controls were largely in domains of the protein without defined roles in regulatory function or in localizing FH to a site of injury.
The spectrum of allelic frequencies seen in CFH was in contrast to CFI where the enrichment of rare variants was highly significant and the frequency of uncommon variants (MAF 0.5%-2%) much lower. 21 The allelic spectrum of CFI is similar to PLD3, a gene recently found to have a burden of rare variants in late onset Alzheimer disease cases. Genes PLD3 and CFI had no variants between 0.5% and 2% MAF in the 6500 ESP dataset. 41 Association between a phenotype and rare variants will be more easily identified in genes with less neutral variation (i.e., noise obscuring a signal). In the case of CFH, the most important alterations were best detected by using knowledge of the protein to aggregate variants that affect protein domains of FH known to have functional importance. 42 Many of these CFH variants have been reported in aHUS or dense deposit disease (DDD or type II membranoproliferative glomerulonephritis), diseases of the kidney with early age of onset. [6] [7] [8] [9] 42 Additional genetic and environmental factors must exist that affect the risk of developing kidney disease versus retinal disease. Unaffected relatives of aHUS patients carrying the same mutation can have normal renal function or only mild impairment. Penetrance differences in aHUS between carriers of a variant may reflect differing levels of AP activity, susceptibility, and environmental/pathogen exposures.
Taken together, the data indicate that either a rare variant producing a haploinsufficient state or a common variant with a more modest effect will lead to excessive AP activation over a lifetime. Rare variants in CFH were present in 4.2% of cases compared with 1.1% of controls herein, and rare variants in CFI were reported in 7.8% of cases compared with 2.3% in controls. 21 In summary, AMD is a disease predominantly mediated by the AP of complement activation. Patients inherit common and rare variants in the AP, particularly its inhibitors, that lead to excessive and undesirable AP activity for a given degree of injury. Herein we have presented data indicating that rare variants act in an autosomal dominant manner. This means that haploinsufficiency of the cofactor protein (FH) or the necessary protease (FI) to inactivate C3b 21 is sufficient to allow for excessive inflammation resulting in a chronic degenerative disease of the retina. * 60 phenotyped controls had a median FH concentration of 312 lg/mL with a 10th percentile of 253 lg/mL and a 90th percentile of 420 lg/mL. 32 Each variant is carried by a single case. Mean C3 concentration in serum is 1.10 mg/mL with a 10th percentile of 0.86 mg/mL and a 90th percentile of 1.55 mg/mL. 32 
